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Abstract. A study of the kinematics of the a-d coincidences in the 6 Li + 59 Co system at a bombarding 
energy of -Ei a b = 29.6 MeV is presented. With exclusive measurements performed over different angu- 
lar intervals it is possible to identify the respective contributions of the sequential and direct projectile 
breakup components. The angular distributions of both breakup components are fairly well described by 
the Continuum-Discretized Coupled-Channels framework (CDCC). Furthermore, a careful analysis of these 
processes using a semiclassical approach provides information on both their lifetime and their distance of 
occurrence with respect to the target. Breakup to the low-lying (near-threshold) continuum is delayed, 
and happens at large internuclear distances. This suggests that the influence of the projectile breakup on 
the complete fusion process can be related essentially to direct breakup to the 6 Li high-lying continuum 
spectrum. 
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1 Introduction 

The breakup process in reactions induced by weakly bound 
nuclei (such as 6 Li on 28 Si [I], 59 Co 0[3], 64 Zn [4], 208 Pb 0, 
209 Bi 0; 7 Li+ 65 Cu H and 9 Be+ 244 Sm 0) and its influ- 
ence on the fusion cross section p iigilTTllT21IT51inilTMTSl 
I17U18U19U201I21U22J has been the subject of several exper- 
imental and theoretical investigations in recent years. In 
inclusive experiments, the light particle spectra measured 
in 'singles' mode display significant contributions from re- 
action mechanisms other than projectile breakup [51 1231 
[21] . This was also shown very recently for the well studied 
6 Li + 59 Co system [HE]. The consideration of either total 
fusion cross sections or complete fusion (CF) cross sec- 
tions has proved to be important for a better understand- 
ing of the competition between the different mechanisms 
and their respective influence on the fusion process. The 
contributions of sequential projectile breakup (SBU ) and 
direct projectile breakup (DBU) are both significant and 
it is necessary to determine which process influences CF 
most. In this case, a study of the breakup dynamics could 
provide decisive information. 

The direct breakup DBU seems to be the main cause of 
the above-barrier CF suppression in the 9 Be + 208 Pb sys- 
tem, as shown in |25j through sub-barrier measurements 
of the breakup probability as a function of the distance of 
closest approach. This is a key ingredient for a novel clas- 
sical trajectory model with stochastic breakup [26] which 
quantitatively relates the breakup process to the ICF and 

CF cross sections. 
a e-mail: fsouza@dfn.if.usp.br 



6 Li + 59 Co: kinematical analysis of a-d coincidences 

In this work, we present the results of a-d coincidence 
measurements (non-capture breakup events) for the 6 Li + 
59 Co system at a bombarding energy of Ej a b = 29.6 MeV, 
about twice the energy of the Coulomb barrier. The same 
analysis can be applied and similar conclusions may be 
drawn for the other lower energies studied in our previous 
work [2]. However, we have chosen to present the results 
for the highest available energy since it exhibits the largest 
measured exclusive cross sections, i.e. the statistics for 
binary (projectile breakup and transfer) events are high 
enough to allow a very careful semiclassical analysis. By 
using a simple 3-body kinematics analysis we demonstrate 
that the incomplete fusion (ICF) and/or transfer (TR) 
processes on the one hand, and the projectile breakup 
components (SBU and DBU) on the other, are associ- 
ated with quite different angular intervals. In ref. [2] we 
presented results from singles measurements which show 
that there is a significant contribution of the ICF/TR pro- 
cesses, i.e. no distinction between the contributions of ICF 
and TR was possible. In order to gather informations on 
this important subject, in this work we also present the 
results of an investigation of the breakup dynamics, by 
means of calculations related to semiclassical considera- 
tions [27] involving barrier tunnelling, lifetimes and dis- 
tances of closest approach for the Coulomb trajectories of 
the projectile and outgoing fragments. Through this anal- 
ysis with exclusive measurements we intend to study the 
influence of the breakup on CF by determining the dis- 
tance of occurrence from the target of the SBU and DBU 
components. 
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2 Experimental Setup 

The experiment was performed at the University of Sao 
Paulo Pelletron Laboratory, using the 8 UD Tandem ac- 
celerator. The 30 MeV 6 Li beam was provided by a SNICS 
ion source and bombarded a 2.2 mg/cm 2 59 Co target. It is 
interesting to note that the energy spectra were not at all 
affected by the relatively large thickness of the target, as 
shown by Fig. 1, for example. After correction for energy 
loss in the target, the effective bombarding energy was 
£i ab = 29.6 MeV (E cm = 26.9 MeV) more than twice the 
energy (E cm w 12 MeV) corresponding to the Coulomb 
barrier. The beam current on target was about 10 nA. We 
used 11 triple telescopes [55] for the detection and identi- 
fication of the light particles, positioned on both sides of 
the beam axis with 10° spacing, covering angular intervals 
from -45° to -15° and 15° to 75°. The telescopes con- 
sisted of an ion chamber with a 150 /ig/cm 2 aluminized 
polypropylene entrance window, a 150 fxui thick Si sur- 
face barrier detector and a Csl detector with PIN diode 
readout. The ion chamber was operated with 20 torr of 
isobutane. 

Additional details of the experimental setup and light 
charged particle analysis can be found elsewhere [2"ll2"8]. 

3 Results and discussion 

In a previous publication [2], we investigated the kine- 
matics of the inclusive a and d energy spectra. After sub- 
traction of the estimated compound nucleus contributions, 
broad bumps with significant yields remained in both the 
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a and d spectra. The behaviour of the energy centroids of 
these bumps as a function of the detection angle was found 
to be consistent with dominant contributions from incom- 
plete fusion and/or transfer components i.e.: ev-incompletc 
fusion (a-ICF)/a-transfer (cv-TR) for the d spectra and 
d-incompletc fusion (d-ICF)/<i-transfer (d-TR) for the a 
spectra. 

These processes are represented, respectively, as fol- 
lows: 

a) 6 Li + 59 Co -> d + 63 Cu* 63 Cu* decay 

b) 6 Li + 59 Co -> a + 61 Ni* 61 Ni* decay 

The corresponding excitation energies (associated with 
the energy centroids of the bumps) were 24.6 MeV and 
22.5 MeV for the 61 Ni and 63 Cu nuclei, respectively. 

In fig. [1] typical two-dimensional a-d coincidence spec- 
tra are displayed. The large target thickness did not affect 
the good energy resolution achieved, shown, for example, 
by the narrow peaks in the deuteron spectra of Fig.l.(b). 
For angular differences within the 6 Li breakup cone cor- 
responding to the (2.186 MeV, 3 + ) first resonant state 
we observed two peaks from the two possible kinematical 
solutions of the SBU. We also observed a broad structure 
between the two sharp peaks. Alpha-d decay of the second 
excited state (3.562 MeV, + ) of 6 Li is forbidden due to 
parity considerations and no peak due to the third excited 
state (4.312 MeV, 2 + ) was observed. No evidence of de- 
cays from higher-lying resonant states was seen. For angu- 
lar differences larger than the SBU cone, we observed only 
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Fig. 1. a) The a-d relative energy E ac i as a function of the 
deuteron energy for 8 a = 45° and 9d = 35°. b) The corre- 
sponding projection on the deuteron energy axis, c) and d) 
The same for 9 a = 45° and 6d = 25°. The dashed lines corre- 
spond to 3-body kinematics calculations assuming a-d decays 
from the first resonant (2.186 MeV, 3 + ) state of 6 Li. 

broad structures. These broad structures could be associ- 
ated with either the decay of nuclei produced in ICF/TR 
(incomplete fusion and/or transfer) or 6 Li DBU to the 
continuum. For 6 Li + 198 Pt, Shrivastava et al. [29] have 
measured cross sections for d capture (i.e. corresponding 
to the scenario previously defined as b) with d-ICF) that 
are much larger than TR cross sections. It is also inter- 
esting to note that these non-resonant contributions were 
assumed to arise exclusively from DBU in the case of the 
6 Li + 209 Bi reaction [5] at Ei ab = 36 MeV and 40 MeV 
whereas ICF yields were found to represent a large fraction 
of the total reaction cross section in this energy range [12] • 
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3.1 Kinematics of the a-d coincidences 

In order to identify the contributions of the different mech- 
anisms included in the broad structures, we performed 
a 3-body kinematics [3U] analysis of the a-d coincidence 
events. We present a study of the a and d energies as a 
function of angle and, as in previous work, we investigate 
the behaviour of the energy centroids of the broad struc- 
tures. For the case of fixed a-particle angle, if d-ICF/TR 
is dominant the a-particle energy should be constant, in- 
dependent of the d emission angle. This energy should 
be consistent with the excitation energy of the interme- 
diate 61 Ni nucleus. Similar behaviour would be expected 
for fixed d angle in the case of dominant a-ICF/TR; the d 
energy should be constant as a function of the a-particle 
emission angle and consistent with the excitation energy 
of the 63 Cu intermediate nucleus. On the other hand, as 
shown in [311132) . if 6 Li direct breakup is dominant, the 
centroid of the broad structure would approximately cor- 
respond to the minimum allowed a-d relative energy for 
each angular pair (see fig. [T]). 

In fig. [5] we plot the d energy Ed as a function of 8 a for 
Qd = 35°. In this case, if a-ICF/TR is dominant, the d en- 
ergy Ed should be constant, consistent with the 22.5 MeV 
excitation energy of the 63 Cu intermediate nucleus (dot- 
ted line) . This behaviour would be more evident for angles 
near the 63 Cu recoil direction, for which we expect the 
maximum of cross section for the a-particle decay. This 
is indeed observed for angles near the recoiling 63 Cu. For 
other negative angles we observe instead a trend consistent 
with a 24.6 MeV excitation energy for the 61 Ni compos- 
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Fig. 2. Experimental values for the deuteron energy as a func- 
tion of the a-particle detection angle. The 3-body kinematics 
predictions for ICF/TR and the minimum relative energy, E a d, 
for 6 Li breakup are also shown. 



ite system (dot-dashed line) . This suggests the dominance 
of the d-ICF/TR process. Therefore, both a-ICF/TR and 
d-ICF/TR contributions can be, in principle, mixed to- 
gether. The behaviour of the minimum allowed a-d rela- 
tive energy for 6 Li breakup is also shown in fig. [5] (dashed 
line). The observed trend suggests that the 6 Li DBU dom- 
inates in the case of angular pairs for which the broad 
structure is observed with A9 a d = 10° and 20°. For these 
angular pairs (i.e. for 9 a angle values ranging between 10° 
and 50°) the experimental points shown in fig. [5] corre- 
spond to the energies of the SBU peaks clearly visible in 
fig- Hlb) and extrapolated in fig. dd). 



3.2 Breakup dynamics 

In order to gain insight into the dynamics of the SBU 
and DBU processes, we use a semiclassical approximation, 
following the procedure previously adopted in |33j . This 
hypothesis is valid as long as the Sommerfeld parameter 
i] is large (rj ~ 6). High partial waves of the projectile- 
target relative motion dominate the non-capture breakup 
process, so the effect of the nuclear field on the projectile 
trajectory is very small. We can then assume that the 
projectile travels through the target nuclear field following 
a Coulomb trajectory. This statement is also valid for the 
breakup fragments, as long as the relative energies are not 
too high. 

The relation between the angle of emission and the 
distance of closest approach is: 



Z p Z T e 2 
2E 



1 



1 



sin(6>/2) 



(1) 



where Z p and Zt arc the projectile and target charge num- 
bers, E is the centre-of-mass energy and 9 is the scattering 
angle. 

In order to obtain information on the distances of clos- 
est approach related to the occurrence of SBU and DBU, 
we define a quantity / which may be considered as the 
relative probability for the production of particles for a 
given process at a given distance of closest approach. The 
quantity / may be defined as follows: 
1 da 

n 

da 



f = 



Rin.in d-R T) 



1 16nE 

Rmin ZpZxe 2 



sin(0/2) 



dQ 



(2) 



Here, da/dQ is the differential cross section in the centre- 
of-mass rest frame for the process under consideration. 
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Figure [3] depicts the experimental angular distribution for 
the SBU process analyzed in ref. [2J, as well as for the 
DBU. The angular distribution for the DBU is shown for 
6 Li continuum excitation energies summed between E* = 
1.66 MeV and E* = 2.10 MeV. In the semiclassical calcu- 
lations, we adopted the most probable value of the excita- 
tion energy observed experimentally in this range, which 
is E* = 1.7 MeV. The dotted and dashed lines correspond 
to the SBU and DBU CDCC calculations, similar to those 
of |20) , respectively. The a + d binning scheme was appro- 
priately altered to accord exactly with the measured con- 
tinuum excitation energy ranges. It should be noted that 
the calculated elastic scattering and the SBU cross sec- 
tions are unaffected by the change in continuum binning 
scheme. The DBU CDCC result presents a fair agreement 
with the experimental DBU angular distribution at for- 
ward angles and a similar shape at backward angles, al- 
though a small difference in the magnitudes is observed. In 
tablc[T]we present the experimental 6 Li SBU cross section 
for the first resonant state (2.186 MeV, 3 + ) [2] and experi- 
mental DBU cross sections for the three excitation energy 
intervals (AE*) we observed, together with their corre- 
sponding CDCC predictions. The CDCC cross sections are 
in agreement with the experimental ones within the un- 
certainties (that are relatively large for the E* range from 
2.20 MeV to 2.40 MeV, as shown in the following) except 
for the E* range from 3.10 MeV to 3.25 MeV which has 
a smaller cross section. In particular, for the DBU cross 
section corresponding to the E* range from 2.20 MeV to 
2.40 MeV, we have the situation as shown in fig. QJc) and 
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Fig. 3. Experimental angular distributions for the projec- 
tile sequential breakup (full circles) and direct breakup (open 
squares) processes, respectively. The dotted curve (CDCC cal- 
culation [20] for SBU) and dashed curve (CDCC calculation for 
DBU), as described in the text, are used for the semi-classical 
calculations of lifetimes and distance of occurrence discussed 
in fig. 2] and fig. [5] 

fig. dd). In this case, the SBU is observed in the kine- 
matical limit of the SBU cone, making the distinction be- 
tween SBU and DBU more difficult. In order to overcome 
this problem, we adopted the procedure of calculating the 
cross section and subtracting the corresponding value of 
the SBU already determined in previous work [5] for the 
situation depicted in fig. [T^b) , where there is no problem 
with the distinction between SBU and DBU. The clear 
separation of two sharp peaks, as well as their widths, in 
fig. [TJb) indicates that the broad structure observed in 
fig. QJd) can not be related to effects of energy loss due to 
the target thickness. 
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Table 1. Experimental SBU and DBU cross sections and 
CDCC predictions. 

AE* (MeV) o-Exp (mb) (tcdcc (mb) 

SBU [2] 2.186 20.6 ± 4.0 22.1 

1.66 - 2.10 3.04 ±0.41 2.9 
DBU 2.20 - 2.40 6.8 ± 4.2 3.5 
3.10 - 3.25 4.45 ±0.94 2.3 



The curves presented in fig. [3] were used for the calcu- 
lation of the / functions shown in fig. [4] as a function of 
-Rmin for the SBU and DBU processes. In particular, a fit 
to the experimental data represented by the solid curve 
was used for DBU. From the three curves in fig. [4] the 
quantity i2^?, the most probable value for i? m ; n for the 
process of interest, is obtained. 

The dip in the angular distributions is probably due 
to the effect of nuclear-Coulomb interference at forward 
angles (~ 20°). This confirms that, as the incident energy 
is fairly high with respect to the Coulomb barrier, the 
nuclear effects persist to quite forward angles. In fig. 2] 
this interference effect is associated with a large i? m in 
(> 15 fm). If we took into account the nuclear interaction, 
essentially the tail of the / distribution would be affected. 
Therefore, we expect that the value of R^f n , and conse- 
quently the conclusions regarding the breakup distances 
of occurrence will not change. 

In this work we also obtained insight into the lifetimes 
and distance of occurrence from the target for the SBU 
and DBU processes. In particular, for SBU we observed 
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Fig. 4. Function / representing the relative probability for 
production of particles of a given process at a given distance 
of closest approach, as a function of -R m i n for the projectile 
breakup processes SBU and DBU. 

that the main contribution is due to the 6 Li 3 + state with 
E* = 2.186 MeV. For the DBU, the fragments are no 
longer bound by the nuclear potential, but are still un- 
der the influence of the Coulomb barrier between the a- 
particle and the d. This means that at least for the smaller 
relative energies, the DBU is a delayed process, as is the 
SBU. A schematic representation of nuclear and Coulomb 
potentials is shown in fig. [5] (adapted from ref. [27] ) as 
a function of the separation distance r between the a- 
particle and the d. The height of the Coulomb barrier 
Vb = 0.576 MeV was obtained using R a d — 5.0 fm and 
the breakup threshold is defined at E a d = 0. 

In order to estimate the DBU lifetime due to barrier 
tunnelling, we adopt the model of [27], where it was as- 
sumed that, as in the theory of a decay, the decay rate of 
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Fig. 5. Schematic representation of nuclear and Coulomb po- 
tentials as a function of the separation distance r between the 
a-particle and the d (adapted from ref. [27]). 



the unbound system can be written as: 



Ai = uiPi 



(3) 



where uii is the barrier bouncing frequency, and Pi is the 
barrier transmission probability. Considering that we are 
dealing with relatively low a-d relative energies, only the 
s-wave case for which I = will be considered, for sim- 
plicity. In this situation, the bouncing frequency can be 
estimated as being uq = v a d/2R, where v a d is the a-d 
relative velocity and R, the nuclear radius. The barrier 
transmission probability, according to the WKB approxi- 
mation, is given by: 



Po 



Ecu 



-exp 



4?y 
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— — arcsm \ / — — 
2 V V B 



E n 



E n 



(4) 



V V B V V B 
where r\ = Z a Zde 2 /hv a d is the Sommerfeld parameter and 
Vb = Z a Zde 2 / R a d is the height of Coulomb Barrier. The 
lifetime can then be determined as r = 1/A. 



Following Coulomb excitation first order perturbation 
theory |34j and using the time of Coulomb excitation as 
the reference for measuring the lifetime |27j . one can es- 
timate the distance between projectile and target when 
DBU occurs. According to [3~4ll27j . in the focal system of 
the hyperbolic orbit, the distance between projectile and 
target can be written as: 



r = a[ecosh(s) + 1]. 



(5) 



Here, a is half the distance of closest approach for a 
head-on collision, e is the eccentricity parameter, given by 
e = l/sin(6» MP /2), with 6> MP being the scattering angle 
associated with R^f n - The parameter s [3~4"ll?7] is related 
to the time t by: 



t 



[e sinh(s) + s] 



(6) 



where v is the initial relative velocity of projectile and 
target. 

As described above, from eq. [3] and I = 0, we can 
determine the lifetime tubv = ^/Ajjbu for the DBU 
states near threshold. In fig. [5] we present the plot of tdbu 
(Eiab — 29.6 MeV) as a function of E a d- Besides the 6 Li 
continuum at excitation energy E* — 1.7 MeV shown in 
fig. H contributions from E* = 2.3 MeV and 3.2 MeV 
were also observed. Through eq. [51 and using the 6 Li ex- 
citation energies with the corresponding values of t^bu 
(in this case t = tb>bu)i the values of s can be determined 
and used in eq. [S] to obtain tbbij- The values of rjjsu 
can be compared to those obtained for SBU from the 6 Li 
3+ state with E* = 2.186 MeV, and knowing that the 
SBU lifetime is tsbu — 2.73 x 10 - 20 s, corresponding to 
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Fig. 6. Calculated lifetime of the DBU continuum states as a 
function of the relative energy E a d from which the correspond- 
ing distances of occurrence can be deduced in table [2] 

Table 2. Lifetimes, average distance of closest approach 
and distance of occurrence from the target for the projectile 
breakup components SBU and DBU. 





E* (MeV) 


r (s) 




Rl P n (fm) 


r (fm) 


SBU 


2.18 


2.7 x 10" 


20 


8.5 ±0.4 


831.0 ± 1.3 




1.7 


4.9 x 10" 


21 


8.3 ±0.4" 


143.1 ± 1.5 


DBU 


1.7 


4.9 x 10" 


21 


9.2 ± 0.5 6 


147.2 ± 1.7 




2.3 


6.3 x 10" 


22 


9.1 ±0.7 


19.8 ±0.8 




3.2 


4.4 x 10" 


22 


8.1 ± 1.2 


14.3 ±1.8 



a and : from dashed and solid lines in fig. 2J respectively. 

r SB u = (0.024 ± 0.002) MeV [35]. The results described 
above are summarized in table [2] Note that the values of 
r obtained through the two functions / for DBU in fig. H] 
are very similar. 

Table [2] shows that for all the processes we considered 
the values of BMK, are very similar. However, the distances 



of occurrence are very distinct for the SBU and DBU. Due 
to the long lifetime of the resonant 6 Li first excited state, 
sequential projectile breakup occurs very far from the tar- 
get. On the other hand, for DBU the shorter lifetimes of 
the continuum 'states' cause the breakup process to occur 
at shorter distances from the target, although there are 
different distances for different excitation energies in the 
continuum. 

The results obtained in this work are related to the 
non-capture breakup processes as defined in ref. [5] . How- 
ever, they can also be extended to the case in which only 
one of the cluster constituents of the projectile is cap- 
tured by the target after projectile breakup. As observed 
in ref. [2] , from the investigation of the inclusive data, the 
ICF/TR component has been found to have the largest 
cross section, and therefore has the major influence on 
the CF cross section. This conclusion appears to be also 
valid for a heavy target reaction such as 6 Li ± 209 Bi [6] 
or 6 Li + 198 Pt [2H]- Our results as well as refs. [611213] may 
indicate that the flux diverted from CF to ICF would arise 
essentially from DBU processes via high-lying continuum 
(non-resonant) states of 6 Li; this is due to the fact that 
both the SBU mechanism and the low-lying DBU pro- 
cesses from low-lying resonant 6 Li states occur at large 
intcrnuclcar distances. The importance of ICF (or the 
so-called fusion suppression [ITEMED in reactions in- 
duced by weakly-bound projectiles is still open. It has 
been shown recently [36j that for a particular projectile 
( 6 Li, 7 Li or 9 Be, for instance), ICF cross sections increase 
with the charge of the target. But, similarly, fusion sup- 
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prcssion (i.e. ICF) increases with the breakup threshold of 
the projectile. Work is still in progress to study ICF pro- 
cesses for 6 Li + 59 Co within the 3-dimcnsional classical 
trajectory model of Diaz-Torres and collaborators [26] . 

4 Summary 

In a previous study of the reaction mechanisms in the 
6 Li + 59 Co reaction at four different bombarding ener- 
gies, namely, Ei ab = 17.4 MeV, 21.5 MeV, 25.5 MeV and 
29.6 MeV [2J, we mainly showed results of the sequential 
breakup SBU. In the present work we investigated the 
kinematics for a-d coincidences registered for the 6 Li + 
59 Co reaction at Ej a b = 29.6 MeV, approximately twice 
the energy of the Coulomb barrier. The analysis of the 
present exclusive a-d (energy and angular correlations) 
data along with 3-body kinematics calculations allowed us 
to observe that the ICF/TR and the SBU/DBU processes 
are associated with distinct angular regions. The measured 
breakup (SBU and DBU) cross sections, both consistent 
with Continuum-Discretized Coupled-Channels (CDCC) 
calculations, are found to be much larger than for the 
study with the 28 Si target pQ, as might be expected from 
the greater importance of Coulomb breakup for the 59 Co 
target. The same conclusions can be drawn for the three 
other lower bombarding energies. In order to complement 
the results of singles measurements presented in ref. P] , a 
scmiclassical approach, known to be valid in this energy 
range, was used to estimate the lifetime and distance of 
occurrence with respect to the 59 Co target for SBU and 
DBU. The results indicate that projectile breakup to the 
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low-lying (near-threshold) continuum is delayed, and oc- 
curs at large internuclear distances. To conclude, for 6 Li 
+ 59 Co the influence of breakup on the CF process is 
essentially due to DBU to the 6 Li high-lying continuum 
spectrum, i.e., the flux diverted from CF to ICF is due to 
DBU states. 
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